Abstract. Spatial heterodyne spectroscopy (SHS) is an interferometric technique similar to the Fourier transform spectroscopy with heritage from the Michelson interferometer. An imaging detector is used at the output of an SHS to record the spatially heterodyned interference pattern. The spectrum of the source is obtained by Fourier transforming the recorded interferogram. The merits of the SHS-its design, including the absence of moving parts, compactness, high throughput, high SNR, and instantaneous spectral measurements-make it suitable for space as well as for ground observatories. The small bandwidth limitation of the SHS can be overcome by building it in tunable configuration [tunable spatial heterodyne spectrometer (TSHS)]. We describe the design, development, and simulation of a TSHS in refractive configuration suitable for optical wavelength regime. Here we use a beam splitter to split the incoming light compared with all-reflective SHS where a reflective grating does the beam splitting. Hence, the alignment of this instrument is simple compared with all-reflective SHS where a fold mirror and a roof mirror are used to combine the beam. This instrument is intended to study faint diffuse extended celestial objects with a resolving power above 20,000 and can cover a wavelength range from 350 to 700 nm by tuning. It is compact and rugged compared with other instruments having similar configurations.
Design and modeling of a tunable spatial heterodyne spectrometer for emission line studies Kaipachery High-resolution spectroscopy of faint extended objects in UV and visible is difficult because one has to compromise between the sensitivity and the resolving power. There are certain objects and phenomena in the solar system such as comets, nebulae, planetary satellites, planetary auroras, and interplanetary medium that are faint, extended, and reservoirs of information. Low-resolution spectroscopy can only reveal their basic parameters such as composition, intensity, and energy distribution. However, high-resolution spectroscopy can reveal additional information such as velocity, temperature, pressure, and isotopic signatures. 1 In order to obtain high-resolution spectra of an extended target, interferometric spectral measurement technique such as Fourier transform spectrometer (FTS) or spatial heterodyne spectrometer (SHS) 2 can be used. Since these instruments do not have slits, the throughput of these instruments is higher than that of slit-based grating spectrometer. However, off axis rays in the input beam reduces the fringe visibility and the efficiency of the system, which in turn put a limitation on the field of view (FOV) solid angle of the SHS. The FOV of an uncompensated 3 (without a field-widening prism) SHS is relatively small, given by 2π R , where R is the resolving power of the instrument. This FOV can be increased by introducing the field-widening prism in SHS arms, and, hence, they are more sensitive compared to the grating spectrometers with similar configurations.
FTS instruments are easier to work with in the long wavelength regime (infrared) of the electromagnetic spectra because the maximum sampling interval in optical path difference (OPD) space must be λ min ∕2, 4 which is very challenging to achieve at shorter wavelengths (visible and UV). Furthermore, FTSs tend to be bulky. SHS instruments, on the other hand, can be used at short wavelengths, are lightweight, compact, and have flexible alignment considerations. 5 Due to these advantages, SHS systems can be used to study Hα emission from star-forming regions, atmospheric emission lines, and emission lines from planetary auroras.
The tunable SHS system described in the literature 6 is in allreflective configurations, which requires a roof mirror and a fold mirror and, hence, are suitable for UV missions. In this paper, we describe modeling, simulation, and the design of a tunable SHS instrument in refractive configuration for the optical wavelength regime, where we use a beam splitter (BS) for splitting the incoming beam. Hence, the alignment of this instrument is simpler, compared with all-reflective SHS where fold and roof mirrors are used. This instrument can be used to observe and study faint extended emission line targets by retrieving the high-resolution spectra (with resolving power greater than 20,000) from the entire source. In the near future, we will use this instrument to observe the H α emission lines from Be stars to study their shape and variability. Another science case of this instrument is to monitor the flaring activities of red dwarf stars in Hα by looking at the star continuously through a meterclass telescope.
Fundamentals of SHS Theory
SHS instruments, such as the FTS, share structural similarities with the Michelson interferometer. The primary difference between the two is that in the SHS the mirrors are replaced with the gratings (G1 and G2 in Fig. 1 ). The position of the gratings is fixed such that the path difference between the two arms is zero, with the tilt of the gratings set for a particular central wavelength called the Littrow wavelength (λ L ). The heterodyne wavenumber is defined as k L ¼ 1∕λ L . Wavelengths near the Littrow wavelength form fringes in the detector plane, because the grating introduces a tilt on the wavefront proportional to the absolute deviation between the wavelength and the Littrow wavelength, as shown in Fig. 1 .
In order to understand the system mathematically, we have considered one grating in the SHS configuration [ Fig. 1(c) ]. The relation between the incident ray and the refracted ray can be written using the grating equation E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 5 3 1 dðsin θ in þ sin θ diff Þ ¼ mλ;
where d is the pitch of the grating, θ in is the incident angle, θ diff is the diffracted angle, m is the order of grating, and λ is the wavelength of the light. Hence, for the grating shown in Fig. 1(c) , the equation becomes E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 7 5 2
where θ L is the Littrow angle for the wavelength λ L and γ is the angle between the incident and diffracted lights. The incident beam and the diffracted beam follow the same path in the Littrow configuration, and γ ¼ 0. Equation (2) then becomes Eq. (3), which gives the relation between Littrow wavelength and Littrow angle E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 6 6 4
where k L ¼ 1∕λ L is the wavenumber in cm −1 . Expanding the sine terms in Eq. (2) using the small angle approximation for γðsin γ ¼ γ; cos γ ¼ 1Þ, and eliminating d and m using Eq. (3), we obtain E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 5 7 9
where k ¼ 1∕λ is the wavenumber in cm −1 . If two beams with the wavelength 1∕k, tilted at angles γ and −γ, respectively, are made to interfere each other, they will produce a fringe pattern with a spatial frequency of 2k sin γ. Thus, the frequency of the fringe pattern is (in small angle approximation of γ)
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 3 2 6 ; 4 8 2 where f x is the frequency of the fringes known as the Fizeau fringe frequency. In interferometers, the intensity pattern and the fringe frequency are related through the following equation, where x is the pixel position along the X-axis of detector, considering detector is in XY-plane:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 6 3 ; 6 9 7 IðxÞ ¼ I½1 þ cosð2πf x xÞ:
Equation (6) shows no differentiation between wavelengths that are lower or higher than heterodyne wavelength since interference pattern depends upon jk − k L j. This can be mitigated by slightly tilting the grating by an angle ϕ 2 in a direction perpendicular to the plane of interference, which creates a vertical fringe pattern with frequency 6 f y ¼ ϕk and has a dependency on wavelength. This is explained in detail in Sec. 3.3. Therefore, the fringe pattern can be represented as a function of x and y for SHS system as in Eq. (7). For the more general case, where the incoming wave consists of more than one wavenumber, we use Eq. (8) E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 6 3 ; 5 4 2
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 6 3 ; 5 1 0 IðxÞ ¼
Equation (8) indicates that the intensity distribution on the detector is the Fourier cosine transform of the spectra. Hence, the spectra can be retrieved by taking the inverse Fourier cosine transform of the generated interferogram. Since the system uses the entire grating, the resolving power R of the instrument is E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 9 ; 6 3 ; 3 9 3 R ¼
where W is the illuminated grating width and m is the grating order.
Limitations of SHS
The SHS has advantages over a grating and FTS such as compactness, sensitivity, and ruggedness. No slits are used in the SHS, allowing the instrument to collect more light; therefore, the sensitivity of the instrument is high compared with grating spectrometers. Thus, this instrument is suited well for studies of faint extended sources. Since the resolving power of SHS depends on the illuminated grating width, grating groove density and order of the grating [Eq. (9)], larger optics (to accommodate large beam width and higher orders) or gratings with higher groove density are needed for higher resolving power. Such high resolving power narrows the observable bandpass, which is another disadvantage. This can be explained with an example: if the resolving power of the SHS instrument is 24,000 at the heterodyne wavelength of 650 nm, then the resolution (Δλ) of the instrument is 0.027 nm (650/24,000). Therefore, an input beam having an absolute wavelength deviation pΔλ from the Littrow wavelength (here 650 nm) should produce p fringes, where p is an integer. If a 1024 × 1024 detector is used to image the fringes, then from the Nyquist criteria the maximum number of fringes that can be imaged is 512. The bandpass of SHS can be found as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 0 ; 3 2 6 ; 7 5 2
where BW is the bandwidth in nm and N is the number of fringes. Hence, the bandwidth of above configuration is 27 nm. This limitation of the SHS can be mitigated by either using a tunable SHS 7 (TSHS) or a multiorder SHS. 8 
Modeling of TSHS System in Zemax ®
We have modeled a tunable SHS (Fig. 2) using the commercially available optical simulation software Zemax ® . The model includes a BS where half the light is transmitted and half reflected, two holographic gratings (G1 and G2) of groove density (1/pitch) 1200 lines∕mm, and a detector (D) of size 12 mm × 12 mm with 512 × 512 pixels. Initially, the gratings are tilted to a Littrow angle of 15.6643 deg, which corresponds to a Littrow wavelength of 450 nm. The collimated beam of 10 mm diameter is allowed to fall on the BS. The reflected and the transmitted beams are incident on the gratings G1 and G2, respectively, and are combined after leaving the BS. Since the incoming beam has only one wavelength of 450 nm, there are no fringes on the detector [ Fig. 3(b) ] as there is no path difference between the rays coming from two arms of the TSHS instrument.
In this configuration, the resolving power R of the system [Eq. (9) ] is 24,000, which means that one fringe is generated on the detector for a change of 0.0187 nm ð 450 24;000 Þ in the wavelength. In order to verify this, we changed the incoming wavelength to 450.0187 nm in Zemax ® model and obtained one fringe [ Fig. 3(a) ] on the detector. Similarly, the other fringe is generated on the detector at 449.981 nm [Fig. 3(c) ]. Fig. 4 . In the Zemax ® model, we tilted the grating for different Littrow configuration and obtained the fringes.
Tunable SHS
Tuning for different wavelengths in the TSHS is carried out by tilting the grating for different Littrow configurations, i.e., changing the Littrow wavelength (central wavelength of the bandwidth). The relation between the Littrow angle and the Littrow wavelength is given by Eq. (3). We have found the Littrow angle for different heterodyne wavelengths for the grating we have used (holographic grating 1200 lines∕mm) and plotted in
Tunability of the System
In order to check the tunability of the TSHS system, the Littrow angles of gratings G1 and G2 were changed to 19.269 deg, which corresponds to a Littrow wavelength of 550 nm. Since all other configurations were the same, one fringe should be obtained on the detector at a wavelength change of 0.023 nm. 
Identifying the Wavelength
Wavelengths on either side of the Littrow wavelength will generate interferograms with the same spatial frequency: the same number of fringes will be formed by the wavelengths λ o þ Δλ and λ o − Δλ (Fig. 3) . Hence, it is essential to differentiate between fringes formed by λ o þ Δλ and λ o − Δλ. This can be done by tilting the grating in a direction perpendicular to the direction of Littrow angle. This arrangement creates fringes aligned in different directions as in Fig. 6 for λ o þ Δλ and λ o − Δλ.
Design Considerations of a Tunable SHS
Our TSHS system is designed to work as the back-end instrument for a ground-based telescope in the spectral regime between 350 and 700 nm. We have commissioned this instrument at the 2.34-m Vainu Bappu Telescope (VBT) of the Vainu Bappu Observatory (VBO) 9 , Kavalur, India. The F-ratio of the beam at the prime focus of the telescope is 3.25, and the light is collected from the prime focus and fed to our system through a 100-μm-diameter optical fiber. We selected two holographic gratings of pitch (d) as 1∕1200 lines per mm for the system. The maximum theoretical resolving power of the system was fixed to be 24,000, which requires the width of the grating to be illuminated as 10 mm for order m ¼ 1 [Eq. (9)].
Entrance Optics and Collimation
As the minimum expected size of the beam on the grating was 10 mm, we fixed 10 mm as our beam width at the entrance optics, thereby accounting for the beam divergence. The F-ratio of the incoming beam is 3, and the focal length f of the collimating lens is found as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 1 ; 3 2 6 ; 1 7 2
where F# is the F-ratio of the incoming beam, and Φ is the diameter of the beam.
Gratings and Beam Splitter
We used a 1-in. grating operating in the first order (AE1) and a cube BS of 40 × 40 × 40 mm size. 
Fringe Localization Plane
The fringe localization plane (FLP) is where the interference fringes can be viewed with maximum clarity. Hence, at this plane, the fringes can be obtained at maximum contrast. The distance z 0 of the FLP from the BS is found as 10 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 2 ; 6 3 ;
where L is the average optical path inside the TSHS. The position of the FLP depends on the source as well as on the instrument. The FLP of a point source is unlocalized and has a greater contrast, compared with the FLP of an extended source, which is localized with less visibility.
Exit Optics
The exit optics reimages the FLP onto the detector. We have kept the exit optics on a linear stage whose position can be changed to obtain clear fringes on the detector. The diameter of the beam at the FLP is the same as the illuminated grating width. Therefore, a standard 25-mm aperture lens with 50-mm focal length is selected to reimage FLP onto the detector. Our selected components are listed in Table 1 , and we have completed a lab setup of the system on an optical breadboard (Fig. 7) .
Experimental Setup and First Results
We have used a sodium vapor lamp as our source with the sodium D lines at 589 and 589.6 nm and tuned the system to those wavelengths. The light from the source is fed to our TSHS system through an optical fiber cable of core diameter 100 μm. A linear stage is used in each arm of the TSHS to adjust the grating position as well as the OPD. Since the source contains two emission lines, the interferogram also contained fringes of two different spatial frequencies as can be seen in Fig. 8 . The spectrum is retrieved by applying a two-dimensional (2-D) Fourier transform (Fig. 8) on the interferogram. The spectrum shown in Fig. 9 is obtained by taking a line cut of the 2-D interferogram.
Estimation of Resolving Power (R)
The two sodium D lines were fitted using Gaussian profiles (Fig. 10 and Table 2 ). Before the fitting, we have interpolated the data to 1001 points and smoothened using a Savitzky-Golay filter. The difference in the wavelength of sodium emission lines (here 0.6 nm) corresponds to 289.232 − 319.019 ¼ 29.787 fringe frequency (resolution elements) ( Table 2) , and one fringe frequency corresponds to a wavelength of 
Interferogram from a Continuum Source
A passband filter is usually used in SHS system to limit the spectrum to one SHS sideband or to limit the spectral range, in order to minimize the shot noise contribution. However, we have not used a spectral filter in our lab setup. Instead, we tested the tunability of the system using a halogen lamp monochromator Andor SHAMROCK-SR-303I (Fig. 11) , for which we selected a band around 588 nm. The light from the source is fed to the monochromator and the required wavelength, as well as the bandwidth, is selected by adjusting the monochromator's parameters. It has an F∕4 aperture and a focal length of 303 mm, giving a wavelength range from 170 nm to 10 μm and a wavelength resolution of 0.05 nm. The obtained fringes for this particular setup are shown in Fig. 12 . Since the halogen lamp spectrum is a broadband source, the interferogram is only modulated in a small region around the zero OPD location (Fig. 12) . The fringes obtained for the wavelength centered at 587 nm are tilted as shown in Fig. 12(a) , while the fringes from the wavelength centered at 589 nm are tilted in the opposite direction [ Fig. 12(c) ], in agreement with our simulation 
Flat-Fielding in SHS
The flat-fielding of the instrument is affected by the presence of dust on the optical components as well as by the intrinsic nonuniformity of the detector, and this will be seen in the interferogram. In order to get the flat field (uniform illumination on the detector) after obtaining the fringe, one arm of the interferometer was closed, and this uniform illumination was imaged with the same detector. This process was repeated by closing the other arm of the SHS. A master flat was generated from these flats, and the flat correction was done as explained in Ref.
11. In Figs. 13(a)-13(c) , we show the original interferogram, the master flat, and the flat-field corrected interferogram, respectively.
First-Light Results
We have observed with the TSHS system using the 2.34-m telescope VBT. The f∕3 beam from the prime focus of the telescope is collected through a 100-μm-diameter optical fiber of ∼35 m length and is fed to the TSHS. Prior to the observation, we have aligned the TSHS for the for H α line (656.3 nm) line since many stars have strong emission line in this wavelength. A 4-Å (full-width-half-maximum) prefilter is placed between Fig. 11 The setup of monochromator Andor SR-303IA and halogen lamp. A halogen lamp produces a continuous spectrum. The monochromator is used to select a particular wavelength region. the entrance optics and the BS for enhancing the visibility of the fringes.
Effect of Vibration on the System
The Coudé room where the TSHS housed was maintained at a temperature of 18°C using an air conditioning unit. However, this has created vibrations in the optical bench where TSHS was kept since the bench was not floated. Therefore, the obtained fringes were of less visibility [ Fig. 14(a) ], and the visibility degraded with the exposure. Therefore, we had to keep the air conditioner unit switched off during the TSHS observations.
Observation of the celestial object
Due to the low sensitivity of the current detector, we could not observe objects fainter than magnitude 1. Therefore, we selected Sirius (α CMa) and Betelgeuse (α Ori) with magnitudes −1.45 and 0.45 (Table 3) , respectively, for the testing of our instrument. A calibration interferogram was taken using the hydrogen lamp before the observations, and then the telescope was pointed toward the source. 
Conclusions
SHS is a compact, rugged instrument with high resolving power, and a narrow but tunable bandpass. In this paper, we have recalled the concept and design of a TSHS in refractive configuration, where we use the BS to split the incoming light. Compared with the all-reflective tunable configuration of SHS, the alignment of the instrument is simple since we do not use a roof mirror and fold mirror. The instrument can be tuned to cover a wavelength range from 350 to 700 nm with a resolving power of ∼24;000 and is designed for the emission line sources. Based on the Zemax ® simulation of the model, we have procured the components and assembled the instrument on the optical breadboard. We have tested the instrument using a sodium vapor lamp and a halogen lamp monochromator. The spectrum of the sodium vapor lamp was retrieved from the interferogram. We have tested our flat-fielding algorithm on the interferogram with good results. We have also carried out ground-based observations using the TSHS with the optical telescope (VBT) and developed a Python-based pipeline for spectral retrieval. The main objective of the instrument is to study the H α lines from red dwarfs and Be stars. However, with our current detector, we could only observe bright stars, such as Sirius and Betelgeuse. In the future, we are planning to improve the instrument using a better detector. This instrument can be modified to UV regime to fly on a balloon or satellite platform as a field-widened monolithic SHS, 13 which will require additional studies on fieldwidening techniques.
